Apoptotic spermatogenic cells and residual bodies are phagocytosed and degraded by Sertoli cells during mammalian spermatogenesis. The meaning of this event remains to be clarified. In this report, we demonstrate that apoptotic spermatogenic cells and residual bodies can be used to produce ATP by Sertoli cells after phagocytosis of them. Sertoli cells produced the highest level of ATP compared with other testicular cells. Phagocytosis assay in vitro showed that engulfment of apoptotic spermatogenic cells increases ATP production by Sertoli cells. The increased ATP production was detected in seminiferous tubules at the stages where phagocytosis occurs. Induced apoptosis of spermatogenic cells in vivo increased ATP production in seminiferous tubules. The augmentation of ATP production both in vitro and in vivo associated with the lipid formation in Sertoli cells after phagocytosis of apoptotic spermatogenic cells. The lipid b-oxidation was a predominant pathway to produce ATP in Sertoli cells. We conclude that after phagocytosis by Sertoli cells, apoptotic spermatogenic cells are degraded to form lipids that are then used to produce ATP. The results suggest that apoptotic spermatogenic cells can be energy sources for Sertoli cells that may define a novel meaning of spermatogenic cell death.
Introduction
Mammalian spermatogenesis is a complex process comprising a series of events, including proliferation and differentiation of spermatogonia, meiotic division of spermatocytes and morphogenic maturation of spermatids. In this process, more than 75% of developing spermatogenic cells are estimated to undergo apoptosis before they mature into spermatozoa under physiological condition (Oakberg 1956 , Huckins 1978 , Johnson et al. 1983 , Dym 1994 . In the last stage of spermatogenesis, the cytoplasmic portions of elongated spermatids are shed and form residual bodies before extrusion of differentiated sperm into the lumen of the seminiferous tubules (Kerr & de Kretser 1974) . Sertoli cells endocytose and degrade the residual bodies and apoptotic spermatogenic cells, which is necessary for healthy spermatogenic cells to proceed through spermatogenesis (Chemes 1986 , Pineau et al. 1991 , Miething 1992 . Apoptotic spermatogenic cells are phagocytosed by Sertoli cells in a phosphatidylserine (PS)-mediated manner, in which class B of scavenger receptor type I (SR-BI) in Sertoli cells functions as a PS receptor (Shiratsuchi et al. 1997 , 1999 , Kawasaki et al. 2002 , Nakagawa et al. 2005 . We recently demonstrated that members of the Tyro3 subfamily of receptor tyrosine kinases (TYRO3, AXL, MER) play roles in regulating phagocytosis of apoptotic spermatogenic cells by Sertoli cells (Xiong et al. 2008) . It is unclear why such a large proportion of differentiating spermatogenic cells undergoes apoptosis and is discarded. A reasonable explanation is that the number of spermatogenic cells that Sertoli cells can support for maturation is limited, and the cells beyond this number should be removed. Three explanations for how the removal of apoptotic spermatogenic cells contributes to spermatogenesis have been proposed (Nakanishi & Shiratsuchi 2004 ): 1) elimination of apoptotic germ cells provides appropriate spaces in the seminiferous epithelium for normal spermatogenesis, 2) apoptotic cells need to be removed before their noxious contents leak out and poison healthy cells, and 3) engulfment of apoptotic spermatogenic cells enables Sertoli cells to produce factors necessary for spermatogenesis. The relevance of the phagocytic clearance of dead germ cells to the functions of Sertoli cells has not been intensely analyzed. Our present study focuses on the meaning of the phagocytosis of apoptotic spermatogenic cells by Sertoli cells for spermatogenesis.
In testes, the lipid droplets within Sertoli cells were described as early as the cells were discovered. However, the formation and fate of the lipid droplets have not been extensively studied. The temporal relationship between the phagocytosis of residual bodies and the increased lipid droplets in Sertoli cells suggests that the lipid droplets could result from the breakdown products of phagocytosed residual bodies (Kerr et al. 1984 , Ueno & Mori 1990 , Sasso-Cerri et al. 2001 . We recently demonstrated in vitro that Sertoli cells can use engulfed apoptotic spermatogenic cells to form the lipid droplets (Wang et al. 2006) . In mice, spermatogenesis can be compromised by inactivation of genes involved in lipid metabolism, suggesting that appropriate lipid metabolism is critical for male reproduction (Chung et al. 2001) . The lipids play numerous biological functions in mammals, including as energy substrates to produce ATP. Although both lipids and glucoses can be energy sources, glycolysis is an active ATPproducing pathway in the majority of cell types, whereas the lipids function mainly in the storage of energy. Only minority cell types, such as adipocytes and myocardial cells, actively utilize fatty acids as major energy substrates under physiological conditions (Saddik & Lopaschuk 1991 , Klaus 2004 ). Our present study demonstrates that Sertoli cells, the only somatic cells within the seminiferous epithelium, predominantly utilize lipids to produce energy through the b-oxidation pathway. Interestingly, the lipids result from the degradation of ingested apoptotic spermatogenic cells and residual bodies. Our finding indicates that phagocytic clearance of apoptotic spermatogenic cells provides energy substrates to Sertoli cells.
Results

Sertoli cells produce the highest ATP level in testis
During spermatogenesis, Sertoli cells provide physical supports for germ cells to move to the adluminal compartment from the basal compartment, and for elongated spermatids to be released into the lumen of seminiferous tubules. These functions of Sertoli cells consume more energy. Therefore, we expected that Sertoli cells should produce high levels of ATP. To examine this speculation, we measured ATP levels in different types of testicular cell (interstitial cells, Sertoli cells and spermatogenic cells), and found that Sertoli cells produce a significantly higher level of ATP than interstitial cells and spermatogenic cells. As shown in Fig. 1 
Phagocytosis of apoptotic spermatogenic cells increases ATP production by Sertoli cells
Lipids are common energy substrates for the production of ATP within cells. Most of differentiating spermatogenic cells are estimated to undergo apoptosis under physiological conditions and then phagocytic clearance by Sertoli cells (Nakanishi & Shiratsuchi 2004) , which results in the formation of lipids in Sertoli cells (Chemes 1986 , Wang et al. 2006 . We speculated that apoptotic spermatogenic cells might be an energy source for Sertoli cells. To examine this possibility, we analyzed the correlation of the ATP production and the phagocytosis of apoptotic spermatogenic cells by Sertoli cells. As expected, we found that Sertoli cells produce a significantly higher level of ATP after phagocytosis of apoptotic germ cells. At 24 h after co-culture with apoptotic cells, the ATP level in Sertoli cells was 3.3-fold higher than that in single cultured Sertoli cells ( Fig. 2A) . In a parallel assay, macrophages did not increase ATP production after the phagocytosis of apoptotic spermatogenic cells. As controls, interstitial Leydig cells and epididymal epithelial cells produced only low ATP levels comparable before and after co-culture with apoptotic spermatogenic cells. The results indicate that Sertoli cells produce the higher level of ATP by engulfing apoptotic germ cells. Analysis on the kinetics of ATP production by Sertoli cells during the co-culture with apoptotic spermatogenic cells showed a marked increase in the ATP production at 18 h, and the ATP level reached a plateau at 24 h and thereafter (Fig. 2B) .
To further confirm that phagocytosis of apoptotic spermatogenic cells increases ATP production in Sertoli cells, we measured the ATP level of Sertoli cells in the presence of phagocytosis inhibitors in assay. Previous studies showed that a PS binding protein (annexin V) and a inhibitor of SR-BI (block lipid transporter-1 (BLT-1)) inhibit the phagocytosis of apoptotic spermatogenic cells by Sertoli cells (Maeda et al. 2002 , Nakanishi & Shiratsuchi 2004 , Nakagawa et al. 2005 . In the presence of annexin V or/and BLT-1 during the co-culture with apoptotic germ cells, the ATP production by Sertoli cells was markedly inhibited (Fig. 2C) . Our recent study demonstrated that phagocytic activity of Sertoli cells was abolished by lacking the Tyro3 family of receptor tyrosine kinases (TYRO3, AXL, MER; Xiong et al. 2008) . Here, we examined ATP level in the mutant Sertoli cells. As expected, they produced significantly low ATP compared with wild-type Sertoli cells after the phagocytosis of apoptotic germ cells (Fig. 2D) . At 24 h after co-culture with apoptotic spermatogenic cells, the level of ATP in wild-type Sertoli cells was 3.5-fold higher than that in TYRO3
In contrast, single-cultured wild-type and mutant Sertoli cells did not show a difference in ATP production.
To determine whether the increased ATP production by Sertoli cells was specifically due to the phagocytosis of apoptotic germ cells, we compared the ATP production in Sertoli cells after co-culturing with other phagocytic targets: living spermatogenic cells, inactivated bacteria (Escherichia coli TOP 10) and latex beads. The increased ATP level was only observed in Sertoli cells after co-culture with apoptotic spermatogenic cells, and no obvious change in ATP production was detected in Sertoli cells before and after co-culture with other phagocytic targets ( Table 1 ). The results indicate that only the co-culture with apoptotic spermatogenic cells increased ATP production by Sertoli cells.
ATP production correlates with the lipid formation in Sertoli cells
To determine whether the lipids resulting from engulfment of apoptotic spermatogenic cells are energy substrates in Sertoli cells, we examined the correlation between the lipid formation and ATP production during co-culture of Sertoli cells with apoptotic germ cells. The lipid droplets and ATP levels were determined at 0, 12, 24, 48, and 72 h during the co-culture. The lipid droplets were visualized by Oil Red O (ORO) staining. Only a few small lipid droplets were observed in single-cultured Sertoli cells (Fig. 3A) ; however, many large lipid droplets were formed in Sertoli cells at 24 h after co-culture with apoptotic germ cells (Fig. 3B ). The lipid droplets were quantified by the area ratio of the lipid droplets to Sertoli cell nucleus. Compared to control, the ratio increased dramatically at 12 h, and reached a plateau at 48 h after the co-culture (Fig. 3C ). By contrast, the lipid droplets in single-cultured Sertoli cells remained at a low and consistent level during the culture. The kinetics of ATP production by Sertoli cells well matched the lipid droplet formation (Fig. 3D) . The ATP level in Sertoli cells increased dramatically at 12 h, and reached a plateau at 24 h after the co-culture. By contrast, ATP in singlecultured Sertoli cells remained at a low level. Furthermore, after removing apoptotic spermatogenic cells from the co-culture, the amount of lipid droplets in Sertoli cells decreased rapidly (Fig. 3E) . The area ratio of the lipid droplets to Sertoli cell nucleus dropped back to a baseline level at 48 h after removal of the germ cells and did not further decrease thereafter. Consistent with the reduction in the lipid droplets, ATP production in Sertoli cells decreased gradually (Fig. 3F) . By contrast, both the lipids and ATP production remained at high levels in Sertoli cells without removal of the germ cells. The results indicate that the ATP production in Sertoli cells correlates closely to the lipid droplet formation during the co-culture between Sertoli cells and apoptotic spermatogenic cells, suggesting that the lipids might be used as energy substrates by Sertoli cells.
Phagocytosis of residual bodies and apoptotic spermatogenic cells by Sertoli cells in vivo increases ATP production in seminiferous tubules
The most cytoplasmic portions of elongated spermatids are shed to form residual bodies at stage IX, which are then engulfed by Sertoli cells. Previous studies demonstrated that the lipid droplets accumulate within Sertoli cells at stages IX-XII where the phagocytosis of residual bodies take places (Kerr & De Kretser 1975 , Ueno & Mori 1990 . To examine the correlation of lipid formation and ATP production in seminiferous tubules, we separated four fragments of the staged tubules (Fig. 4A ). As shown in Fig. 4B , the highest level of ATP was detected in the fragments of tubules at stages IX-XI and XII-I, then the ATP level slightly decreased at stages II-VI, and the lowest level of ATP was observed at stages VII-VIII. The results suggest that the phagocytosis of residual bodies by Sertoli cells results in the augmentation of ATP production in seminiferous tubules.
To further analyze in vivo the correlation among apoptosis of spermatogenic cells, lipid formation and ATP production in seminiferous tubules, we induced apoptosis of spermatogenic cells in vivo by an anticancer drug, busulfan (Sigma). After administration of busulfan in mice, the number of TUNEL-positive spermatogenic cells in seminiferous tubules dramatically increased at week 1 compared with that of control (week 0), and reached a plateau at week 3, then sharply decreased at week 5 when most of the seminiferous tubules are depleted of germ cells (Fig. 4C) . The number of lipid droplets in Sertoli cells increased significantly after the injection of busulfan (Sigma; Fig. 4D) . A peak number of lipid droplets was observed at 3-4 weeks and decreased at week 5. Consistent with the kinetics of germ cell apoptosis and lipid droplet formation in Sertoli cells, the ATP level of seminiferous tubules was increased markedly at 2 weeks after the injection and reached a peak level at week 3, then decreased at week 5 (Fig. 4E) . These results suggest that the induced apoptotic spermatogenic cells are phagocytosed by Sertoli cells and used to produce ATP in vivo.
Lipid b-oxidation is a major pathway to produce ATP in Sertoli cells
Lipid b-oxidation and glycolysis are two universal metabolic pathways for the catabolism of lipids and glucoses to produce energy within cells. Each cell type predominantly utilizes one of the two energy substrates for ATP production. To assess which metabolic pathway is used to produce energy in Sertoli cells, we examined the expression pattern of key enzyme genes involved in b-oxidation and glycolysis in Sertoli cells during the phagocytosis of apoptotic spermatogenic cells. Quantitative RT-PCR analysis showed that the expression of long-chain acyl-CoA dehydrogenase (LACD) was increased four times in Sertoli cells after phagocytosis of apoptotic spermatogenic cells (Fig. 5A) . However, the gene expression of the other enzymes participating in the glycolysis and b-oxidation was not changed significantly (Fig. 5B) . To further confirm the major metabolic pathway to produce ATP in Sertoli cells, the lipid b-oxidation and glycolysis were blocked by a LACD inhibitor (2-mercaptoacetate (2-MP); Sinopharm Co., Ltd, Beijing, China) and a hexokinase inhibitor (2-deoxyglucose (2-DG), Sigma) respectively. In the presence of 2-MP (0.5 mM), ATP level in Sertoli cells was decreased by fourfold at 24 h after co-culture with apoptotic spermatogenic cells compared with the control (Fig. 5C ). By contrast, as glycolysis pathway was inhibited by 2-DG (10 mM) in the phagocytosis assay, the ATP level in Sertoli cells did not decrease compared with the control. These results suggest that Sertoli cells utilize predominantly the long-chain fatty acids (LCFAs) to produce ATP. Given that the lipids formed in Sertoli cells after engulfment of apoptotic spermatogenic cells are mainly consisted of LCFAs, we conclude that apoptotic germ cells are an energy source of Sertoli cells.
Differentiated functions of Sertoli cells cultured in vitro
To determine whether primary cultured Sertoli cells can retain their differentiated functions, we examined the phagocytotic ability of Sertoli cells through ingesting latex beads, and expression of two functional markers of Sertoli cells, androgen binding protein (ABP) and androgen receptor (AR), during in vitro culture. As shown in Fig. 6A , there was no difference in the percentage of Sertoli cells that ingested latex beads at 7 and 14 days after culture, which were 25.6 and 26.1% respectively. By contrast, treatment with cytochalasin B resulted in a marked decrease in the phagocytosis of latex beads by the Sertoli cells. Moreover, mRNA levels of Abp and Ar in the cultured Sertoli cells were detected by real-time RT-PCR (Fig. 6B) . These data suggest that the Sertoli cells retain their major differentiated functions during culture.
Discussion
Phagocytic clearance of apoptotic spermatogenic cells and residual bodies by Sertoli cells is necessary for efficient production of sperm (Maeda et al. 2002) . In this study, we demonstrate that phagocytosis of apoptotic spermatogenic cells results in the formation of lipids, which are further metabolized to produce ATP in Sertoli cells. This energy source could be physiologically important for Sertoli cells to support spermatogenesis.
Sertoli cells provide essential physical and tropic support for the development of spermatogenic cells (Griswold 1995) . During spermatogenesis, germ cells move from the basal compartment to the adluminal compartment (Russell 1977) , elongated spermatids are released into the lumen of seminiferous tubules, the cytoplasmic portions of elongated spermatids are shed to form residual bodies before extrusion of differentiated sperm into the lumen (Kerr & de Kretser 1974 , Jegou 1991 , and the residual bodies and apoptotic spermatogenic cells are removed by Sertoli cells through phagocytosis (Russell & Clermont 1977 , Chemes 1986 ). All these events need to be supported by Sertoli cells, and are energy consumable (Kerr 1988 , Ueno & Mori 1990 . We found that Sertoli cells produce the high ATP level, which corresponds to the functions of these cells. This result is also in agreement with previous observations that an active energy metabolism occurs within Sertoli cells (Floridi et al. 1983 , Ueno & Mori 1990 .
More than 75% of differentiating spermatogenic cells are estimated to undergo apoptosis under physiological conditions (Oakberg 1956 , Huckins 1978 , Johnson et al. 1983 , Dym 1994 . The meaning of the death of such a large proportion of spermatogenic cells is unclear. One explanation is that the number of spermatogenic cells that Sertoli cells can support for maturation is limited, and the elimination of apoptotic cells provides space in the seminiferous epithelium for the development of (Savill & Fadok 2000) . It is possible that the engulfment of apoptotic spermatogenic cells enables Sertoli cells to support spermatogenesis. How the functions of Sertoli cells can be conferred by the clearance of dying germ cells remains to be clarified. The results in the present study showed that apoptotic spermatogenic cells can be used to produce ATP by Sertoli cells. Notably, the phenomenon that the dying cells are used as an energy source is specific to Sertoli cells, but not to other phagocytes such as macrophages. This energy source could be particularly important for Sertoli cells considering that they are seldom reached by blood circulation in vivo owing to the basement membrane, blood-testis barrier and lacking blood vessels in the seminiferous epithelium. Moreover, this energy resource may confer the meaning of the most spermatogenic cells to undergo apoptosis during spermatogenesis. ATP is the 'energy currency' of the cells, and plays a central role in many cellular physiological events. Lipids and glucoses are common energy substrates for the production of ATP within cells. Under physiological conditions, most cells predominantly use glucoses to produce ATP, and lipids function as the storage of energy. However, a minority of cell types, such as adiocytes and myocardial cells, actively utilized lipids, but not glucoses, to produce ATP (Crass 1972 , 1977 , Saddik & Lopaschuk 1991 , Klaus 2004 . In this study, by analyzing gene expression of key enzymes participating in lipid b-oxidation and glycolysis, we found that the expression of LACD, a key enzyme that catabolize LCFAs in the b-oxidation pathway is significantly increased in Sertoli cells after engulfment of apoptotic germ cells. Moreover, blockade of lipid b-oxidation pathway by an inhibitor of LACD inhibits ATP production, and the interruption of the glycolysis pathway does not affect ATP synthesis in Sertoli cells during co-culture with apoptotic spermatogenic cells. These observations suggest that Sertoli cells predominantly use lipids to produce ATP through catabolism of LCFAs. The result is in agreement with a recent report that the lipid droplets in Sertoli cells mainly consist of LCFAs (Huyghe et al. 2006 ). The LCFAs are major energy substrates of cells (Crass 1972 , 1977 , Saddik & Lopaschuk 1991 , Klaus 2004 . The lipid exchange between Sertoli cells and the periphery are currently not well understood. Sertoli cells are largely separated from the peripheral circulation due to the barriers of basement membrane, tight junction between Sertoli cells and lacking of blood capillaries in seminiferous epithelium. The simplest way for Sertoli cells to have sufficient lipids for supporting spermatogenesis would be to recycle the lipid contents in the residual bodies and apoptotic spermatogenic cells.
Massive apoptosis of germ cells also occurs in ovary. It is presumed that only less than 0.1% of follicles present at the beginning of puberty eventually proceed through ovulation (Tilly et al. 1997) . Death of the majority of germ cells is thus an event common to the gametogenesis in both males and females. The significance of gametocytes dying by apoptosis could be an important issue that is worthwhile to investigate further. The study of this issue may open a novel avenue to understand the meaning of germ cell death.
Materials and Methods
Animals
Mice (C57BL/6J) were purchased from the Laboratorial Animal Center of Beijing University (Beijing, China). The mice mutant for Tyro3 RTKs were kindly provided by Dr Lemke (Salk Institute, La Jolla, CA, USA). The animals were maintained in a temperature-and humidity-controlled room on 12h light: 12h darkness cycle, and had free access to food and water. All the measures taken for the mice were in accordance with guidelines for the Care and Use of Laboratory Animals approved by the Chinese Council on Animal Care.
Isolation of Sertoli, interstitial, and spermatogenic cells
Three-week-old mice were used for isolation of testicular cells based on a procedure described previously (Wang et al. 2006) . Briefly, decapsulated testes were incubated in D-Hanks' solution with 0.5 mg/ml collagenase (Sigma) at room temperature for 15 min with gentle oscillation to isolate interstitial cells. After passing through 100 mm copper meshes, the interstitial cells were collected by centrifugation at 800 g for 10 min and cultured in DMEM and Ham's F12 medium (F12/ DMEM; Gibco) supplemented 10% FCS at 32 8C with 5% CO 2 in air. The interstitial cells contain mainly Leydig cells (about 70%), macrophages (about 20%) and a minority of blood cells and myofibroblasts. The seminiferous tubules were resuspended in the collagenase at room temperature for 20 min to remove myoid cells. The tubules were then incubated in D-Hanks' solution with 0.5 mg/ml hyaluronidase (Sigma) for 15 min with oscillation. The dispersed cells were cultured in F12/DMEM containing 10% FCS in a humidified atmosphere with 5% CO 2 at 32 8C. At 24 h after culture, the spermatogenic cells that did not adhered on culture dishes were collected for inducing spontaneous apoptosis by culturing for additional 2 days based on a previous description (Shiratsuchi et al. 1997) , and those adhering to Sertoli cells were treated with a hypotonic solution (20 mM Tris, pH 7.4) for 1 min. Twentyfour hours later, the Sertoli cells were collected and subjected to experiments. The purity of Sertoli cells was more than 95% based on the immunostaining of Wilms' tumor nuclear protein 1 (WT1, a marker of Sertoli cells), and the purity of germ cells was more than 98% based on morphological analysis.
Isolation of epididymal epithelial cells
The epididymal epithelial cell culture was prepared as previously described (Moore et al. 1986) . Epididymal tissue was obtained from 8-week old mice and washed in PBS to remove blood. The caput epididymidis were minced into small fragments followed by three rinses in PBS to remove spermatozoa. The dissected epididymal fragments were then incubated in D-Hanks' solution containing 1 mg/ml collagenase (Sigma) at room temperature for 20 min. The dispersed cells were cultured in minimum essential medium with Earle's salts (Gibco) containing 10% fetal bovine serum in a humidified atmosphere with 5% CO 2 at 32 8C. Three days latter, the epididymal epithelial cells formed monolayer and subjected to experiments. The purity of epididymal epithelial cells was more than 90% based on this procedure (Olson et al. 1983) .
Isolation of macrophages
The peritoneal macrophages were isolated based on a previous approach (Chong et al. 2005) . Mouse macrophages were collected from peritoneal cavities by lavage with 5 ml cold PBS containing 2% FCS. The cells were maintained in DMEM containing 10% FCS at 37 8C in a humidified atmosphere with 5% CO 2 . After 2 h, suspending cells were removed by washing with PBS, and macrophages attached on dishes were subjected to experiments. The purity of the macrophages was more than 95% estimated by immunostaining of F4/80 (a macrophage marker).
Phagocytosis assay
The phagocytosis assay was performed based on a previous protocol (Wang et al. 2006 
ATP measurement
The cellular ATP was measured by a modified luciferinluciferase assay (Yang et al. 2002) . Briefly, the cells were collected and transferred to Enppendorf tubes (10 5 cells/tube). After centrifugation at 1000 g for 10 min, the cell pellets were treated with 1 ml boiling deionized H 2 O to release cellular ATP. After centrifugation at 12 000 g for 5 min at 4 8C, ATP in the supernatant was measured using luciferin-luciferase reagent (Chrono-Log, Havertown, PA, USA) according to the manufacturer's protocol. The ATP level was presented as mM/10 5 cells. To measure ATP level in seminiferous tubules, the tubules were isolated under a stereomicroscope and cut into fragments of 2 mm in length according to protocols previously described (Chen et al. 2003) . The fragments of the tubules were subjected to ATP measurement. The ATP level was presented as nM/mm tubule.
ORO staining
The lipid droplets were visualized by ORO staining (Wang et al. 2006) . Briefly, Sertoli cells were fixed with 10% formalin for 40 min, and stained with ORO solution (Sigma, ORO saturated solution in isopropanol: water, 3:2) for 15 min. The background staining was removed by washing the cells with 70% alcohol for 5 s. The lipid droplets in Sertoli cells were analyzed under a microscope (IX71, Olympus). The area ratio of lipid droplets to cell nucleus was used to evaluate phagocytotic ability of Sertoli cells. In total, 200 Sertoli cells from 5 repeat wells were analyzed for each occasion, and the mean values were presented in results.
In vivo analysis
To analyze the apoptosis of spermatogenic cells, lipid droplet formation and ATP production in vivo, 15 week old mice were injected i.p. with busulfan (Sigma) at single dose (40 mg/g) as reported previously (Maeda et al. 2002) . The testes were removed at 0, 1, 2, 3, 4, 5 weeks after the injection, and frozen sections of 8 mm thickness were sliced with a microtome (Leica CM 1900; Meyer Instruments, Inc., Wetzlar, Germany). The sections were subjected to ORO or TUNEL staining. The lipid droplets and TUNEL-positive spermatogenic cells were examined on 50 sections of seminiferous tubules for each 
Real-time RT-PCR
Total RNA was extracted using Trizol reagent (Invitrogen) according to the manufacture's instructions. After treatment with DNase I to remove potential contaminating genomic DNA, the RNA (0.5 mg) was reverse transcribed into cDNA. Real-time PCR was performed with Power SYBR Green PCR master mix kit (Applied Biosystems, Foster City, CA, USA) using an ABI PRISM 7300 real-time cycler (Applied Biosystems). The transcript levels of target genes were normalized to 28S ribosome RNA. The sequences of primer pairs for real-time PCRs are listed in Table 2 .
Statistical analysis
Data were presented as meanGS.E.M. (or S.D.) of at least three experiments. Tukey's Test was used to determine the significance for all comparisons in this study. The calculations were performed with SPSS Version 11.0 statistical software.
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